Identifying vacancies using positron annihilation  by Brozel, M.R.
Positron Annihilation S’ectroscofg 
Identifying vacancmes 
using positron annihiPation 
M.R. Brozel, UMIST 
Intrinsic point defects exist in all semiconducting materials. Their identification and measurement, however) 
require the use of specialist tools such as positron annihilation spectroscopy. This article explains the basics of 
the technique and describes some of its applications in compound semiconductor materials. 
P oint defects, both intrinsic and extrinsic, exist in all semiconductors. They give 
rise to energetic levels within the 
bandgap leading to increased leak- 
age currents, degraded minority 
carrier lifetimes and many other 
undesirable effects. The presence 
of extrinsic defects (impurities) is 
basically a cleanliness problem. 
They arise from unwanted ele- 
ments being introduced from the 
raw ingredients of the semicon- 
ductor or from the ambient either 
during growth or subsequent pro- 
cessing. Their detection is a task 
for mass spectrometry (IIl-KS 
Review,Vol. 10, No. 5) LVM spec- 
troscopy (IIl--vS Review, Vol. 12, 
No. 3, pp. 34-37) or other analyti- 
cal techniques. 
Intrinsic defects cannot be 
identified using these methods 
and although they may be sensi- 
tively detected by electronic 
means such as deep level tran- 
sient spectroscopy (DLTS) (111-I% 
Review, Vol. 12, No. 1. pp. 44-5 l), 
these techniques are not able to 
identifv the defects involved. In 
other words, they can label de- 
fects and measure their concen- 
trations but cannot provide 
atomic identifications. They re- 
quire calibration using a defect 
identification technique such 
as positron annihilation spec- 
troscopy (PAS). PAS is a specialist 
tool for the identification 
and measurement of vacancy- 
like defects. 
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What is PA 
Maybe, the first question to be an- 
swered is, ‘What is a positron?‘. 
Briefly, the positron is the anti-parti- 
cle of the electron. It has a single 
positive charge, the same mass as an 
electron, but is quite unstable in the 
presence of electrons. A positron 
and an electron will annihilate each 
other, using their total mass to pro- 
duce two high-energy photons (r- 
rays) each of 511 ke\/: which are 
emitted in diametrically opposite di- 
rections if the original electron and 
positron were both stationary. This 
symmetrical emission of the two y- 
rays is to conserve zero initial mo- 
mentum.The lifetime of a positron 
is infinite in the absence of elec- 
trons (and vice versa, in a universe 
where all our usual particles are re- 
placed by their anti-particles!) but is 
reduced substantially if it is intro- 
duced into an electron-rich environ- 
ment like a crystal. Now, to 
proceed, it is necessary to see what 
happens to a positron in a crystal.At 
present I do not specify that the 
crystal is of a particular form, 
cubic or non-cubic, metal or 
insulator, but I assume perfect tram+ 
lational symmetry 
The positron in a 
crystal 
Firstly, let’s consider an electron in a 
crystal. When we investigate the ki- 
netics of such an electron, it is usual 
to defme the crystal as an inhnite 
lattice of positive ions that exist in a 
‘sea’ of electrons. The whole crystal 
is neutral but our electron experi- 
ences a periodic attractive poten- 
tial resulting from the positive ions. 
Solution of Schrodinger’s equation 
in such a periodic lattice results in 
so-called Bloch states, the correct 
summation of which produces the 
wave function of the electron. 
These wave functions are spread 
over the entire lattice resulting in a 
valence band (corresponding to 
bonding states) and a conduction 
band (anti-bonding states). This re- 
sult is, of course, taught in all good 
courses on solid state physics. 
The situation for a positron is 
similar but different. It experiences 
a periodic repulsive potential due 
to the positively charged host ions. 
Once again its wave function is as- 
sociated with Bloch states but, un- 
like electrons, these states are 
anti-bonding only and the positron 
takes up a type of ‘conduction 
band’ state.The positron is not sta- 
ble in this state because of the 
presence of the vast number of 
electrons, both in the conduction 
band (if it is an n-type semiconduc- 
tor material), the valence band (if it 
is any type of crystal) and in core- 
states (any crystal). In GaAs, the 
mean lifetime of our positron is a 
couple of hundred picoseconds. 
Now consider what happens to 
the positron if a vacancy exists in 
the crystal. Firstly, there is a positive 
ion missing.This lack of a repulsive 
ion tends to trap the positron 
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(b) 
[112] direction [llz] direction 
because its potential energy is clear- 
ly lower in a volume where coulom- 
bit repulsion is substantially 
reduced. A quantum mechanical 
analysis describes a ‘resonance’ of 
the wave function in the region of 
the vacancy. Because the probability 
of finding the positron is propor- 
tional to the modulus of the wave 
function, there will clearly be a 
greater chance of finding the 
positron at the vacancy (Figure 1). 
Secondly, the missing ion also repre- 
sents a space in the lattice where 
there are fewer electronsThis is be- 
cause the ion would have had its 
own core electrons if it were pre- 
sent and also it would have attract- 
ed other electrons because of its 
positive charge. It follows that the 
positron tends to remain within a 
volume of the crystal where the 
concentration of electrons is re- 
duced and for these reasons it has 
an increased mean lifetime.This in- 
crease can be measured. 
This is the basic mechanism of 
PAS: the trapping of a positron at an 
electron-deficient vacancy resulting 
in an increase of lifetime above that 
in a perfect crystal.There are inter- 
esting subtleties that result from 
the different possible charge states 
of a vacancy in a semiconducting 
or insulating crystal and other trap- 
ping mechanisms of the positron, at 
ionized acceptors, for instance. But 
these are details in the overall tech- 
nique, most of which we shall 
Figure 1. Positron wave functions in GaAs [6]. (a) Free positron in Bloch state; (b) trapped positron in an As vacancy 
vant to GaAs, for example? For 
ignore. So, what numbers are rele- 
GaAs where no positron trapping 
occurs, the mean ‘bulk lifetime’ is 
230 +: 2 psec. In GaAs where 
positrons are trapped by a substan- 
tial vacancy concentration (say, 
above 1015 cmm3) an enhanced 
‘mean lifetime’ of over 240 psec 
can be found. Extraction of the dif- 
ferent ‘defect lifetimes’ from this 
mean reveals components of up to 
nearly 300 psec. 
The positrons are often produced 
from radioactive “Na, which can be 
The technique of PAS 
deposited on the sample in the form 
of a 22NaC1 solution. When 22Na de- 
cays producing a positron, a yray of 
1.28 MeV energy is simultaneously 
produced.This ‘y-ray is detected by a 
scintillator crystal mounted in front 
of a photomultiplier (PM) tube.The 
signal from the PM tube is used to 
start a clock.The positron enters the 
sample to a depth of several hun- 
stop Y 
511 +AE keV 
Angular 
V\ correlation 
(180” + w) 
Figure 2. The two types of positron annihilation spectroscopy covered in this review. 
Ill-Vs Review *Vol.12 No. 6 1999 3 5 
Positron Annihilation Spectroscopy 
Table 1. Theoretical and experimental 
positron bulk lifetimes for selected 
semiconductor materials 
Crystal Positron ‘bulk lifetime’ 
at 300 K (psec) 
Si 2 19 (Theory) 
22 I* 1 (Experiment) 
GaAs 229 (Theory) 
22012 (Experiment) 
232*2 (Experiment) 
InP 
CdTe 
246*2 (Experiment) 
27812 (Experiment) 
265&l (Experiment) 
28211 (Experiment) 
Table 2. Positron defect lifetimes for 
selected semiconductors 
Crystal Defect Positron ‘defect 
lifetime’ (psec) 
Si Vsi2+ 254 (Theory) 
‘Si 259 (Theory) 
‘Si- 26 1 (Theory) 
‘Si- 27313 (Experiment) 
vsi-P)O 268k3 Experiment) 
vsi-P)- 25011 (Experiment) 
GaAs VG, 267 (Theory) 
VGa2- 270,263 (Theory) 
Vca2- 260*5 (Experiment) 
v + 276 (Theory) 
~ V;:O 279 (Theory) 
Y4s” 29513 (Experiment) 
VA,- 280,266 (Theory) 
VA, 257*3 (Experiment) 
VAs2- 282 (Theory) 
[nP V,, 295,280 (Theory) 
Vrll 282*3 (Experiment 
VP 273,264 (Theory) 
VP 26245 (Experiment, 
Divacancy 340 (Theory) 
CdTe V,, or 32011~2 (Experiment) 
w,,-V,,)- 
dred microns at quite high kinetic 
energy but it is rapidly ‘thermalized’ 
(i.e. its kinetic energy is reduced to 
close to kT) in a few picoseconds. 
When it annihilates with an elec- 
tron, it emits two y-rays each of 5 11 
keV energy. It is often convenient to 
detect only one of these.This is per- 
formed by a second scintillator crys- 
tal - PM tube combination&hen the 
yray is detected, the clock is 
stopped. This process is repeated 
many thousands of times and the da- 
ta analysed. If the spectrum of anni- 
hilation rate versus time is a single 
exponential, a single lifetime is being 
measured. This will usually be the 
‘bulk lifetime’. A spectrum contain- 
ing more than a single lifetime value 
indicates a second lifetime compo- 
nent, the ‘defect lifetime’, and this is 
often due to trapping at vacancies. 
If, on the other hand, both 5 11 
keV y-rays are detected, the differ- 
ence between their actual trajecto- 
ries and 180” can be measured. 
This gives valuable information 
about the initial momentum of the 
original annihilating electron. This 
technique is Angular Correlation 
PAS and is used to measure the mo- 
menta of electrons in metals, the 
Fermi surface. Both the above tech- 
niques are indicated in Figure 2. 
The extraction of the defect life- 
time from PAS data is the key to iden- 
tifying the type of vacancy-defect: 
the relative amounts of the two ex- 
ponent& gives information regard- 
ing the concentration of the 
vacancy-defect. Of course, there may 
be more than a single defect lifetime 
and the extraction of all lifetime 
components becomes very difficult. 
I have been careful to use the 
term ‘vacancydefect’ as the tech- 
nique is sensitive to single vacancies, 
di-vacancies, vacancy complexes and 
vacancy impurity complexes. The 
identification of each type of defect 
with a particular lifetime results 
from the application of theoretical 
models, an approach that has been 
very successful. Selected bulk and 
defect lifetimes, both theoretical and 
experimental are given in Tables 1 
and 2 respectively 
The PAS measurement uses fast 
nuclear counting techniques but 
the response times are little better 
than the times that are under inves- 
tigation. It is necessary to deconvo- 
lute these experimental limitations 
from the raw data. Different groups 
have different ways of doing this 
and that is the reason why there is 
a spread in even the bulk lifetime 
data. It is the increase relative to 
the measured bulk lifetime that 
gives the defect lifetimes. 
Because semiconductors al- 
ways contain vacancies, it may be 
asked how the bulk lifetime can be 
measured unambiguously. Actually, 
this turns out to be relatively easy 
because positively charged vacan- 
cies repel positrons and cannot 
trap them. It follows that PAS mea- 
surements in p-type materials are 
not sensitive to any electronic lev- 
els in the bandgap (including va- 
cancies) and this data produces 
values for the bulk lifetime only 
pplications of 
In addition to considerable applica- 
tions of PAS to the investigations of 
vacancies and to the structures of 
the Fermi surfaces of electrons in 
metals, two notable applications of 
PAS to GaAs have been made, both in 
the field of substrate mate&&These 
are the elucidation of the structure 
of the EL2 centre [l] and the behdv- 
iour of photo- and cathodo-lumines- 
cence (PL and CL) in bulk GaAs [2]. 
The structure of EL.2 
The well-known EL2 centre has the 
strange property of being able to be 
excited (photo-quenched) into a 
metastable state where all optical 
and electrical properties are lost. 
This occurs by illuminating GaAs, at 
temperatures below - 120 K, with 
light of wavelength near 1.1 m. 
Recovery occurs in the dark at tem- 
peratures above -140 K. Because 
the metastable EL2 defects are total- 
ly devoid of optical or electronic 
properties they cannot be investi- 
gated by standard techniques. 
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The accepted mechanism of 
metastability is that the As,, defect, 
which is EL2 itself or at least a com- 
ponent of EL2, is photo-excited to 
move along one of its four <l 1 l> 
ligands towards a neighbouring As 
atomAlong this ligand there is a site 
of relatively low energy - the 
metastable position - and the resul- 
tant defect becomes a [V,, - Asi] 
complex, a ‘defect without proper- 
ties’. PAS was able to show that a 
vacancy was indeed produced in 
the photo-quenching process, that 
it was likely to be the Ga vacancy, 
and that it disappeared at the tem- 
perature that was correct for 
the recovery of EL2 centres. 
Moreover, concentrations of this 
vacancy were of the correct magni- 
tude to account for the original, 
known concentrations of EL2. This 
measurement was crucial to the un- 
derstanding of the mechanism of 
EL2 photo-quenching, and to the 
identification of EL2 itself [ 11. 
PL and CL in GaAs 
Luminescence, either PL or CL, in 
bulk GaAs can be a useful tool for 
assessing this material. The lumi- 
nescence efficiency is both very 
poor and very non-uniform even in 
material that has undergone ingot 
annealing before wafering, a 
process that is known to homoge- 
nize EL2, for instance. After many 
extended investigations, some in- 
volving the author [2] but most 
involving others, the following 
properties were noted. 
l PL images do not reflect the 
distribution of EL2 defects and 
are not greatly affected by the 
redistribution of EL2 defects 
that is produced by annealing. 
l PL images are very similar to 
low temperature, infra-red 
absorption images, known as 
‘reverse contrast’ (RC) images. 
These images nearly anti- 
correlate with EL2 distribution 
images in unannealed bulk 
GaAs, hence the name, but 
remain in ingot-annealed mater- 
ial where EL2 images (in other 
words, the EL2 concentrations), 
are virtually uniform. 
This suggests that PL is 
controlled by non-uniform distri- 
butions of non-radiative recom- 
bination centres, RC defects, 
whose optical absorption pro- 
duces RC images. 
RC optical absorption images 
result from the excitation of 
electrons from the valence band 
into acceptor states which, at 
low sample temperatures, are 
-65 meV below the conduction 
band edge. 
RC defects can be photo- 
quenched into metastable de- 
fects.When this happens there is 
a temporary reduction in the 
concentration of these very 
deep acceptor states. 
When PAS is applied to the 
same material, these acceptors 
can be identified with defects 
containing the arsenic vacancy, 
V,,.Their relative concentrations 
in different samples agree well 
with RC defect concentrations. 
Additionally, they photo-quench 
and recover in the same way as 
RC defects (and in a totally dif- 
ferent way than EL2 defects). 
It has been concluded that RC 
defects are probably isolated VA, 
or complexes involving V, de- 
fects and that their spatial anti- 
correlation with As, (EL2) 
images in unannealed bulk GaAs 
is a result of the influence of dis- 
locations which separates mobile 
arsenic interstitials from their va- 
cancies as the crystal cools 121. 
Conclusions 
This has been a very quick intro- 
duction to the world of positron an- 
nihilation spectroscopy. In addition 
to the two cases above, PAS has 
been used to investigate 
irradiation damage in III-V and 
other compound semiconductors. 
Readers interested in the use of PAS 
to investigate the structures of oth- 
er defects in GaAs should read 
Kuisma et al. [3]. Applications of 
PAS to irradiation damage in InP 
have been reported by M.Tornqvist 
et al. [4] andT. Bretagnon et al. 151. 
The depth resolution of PAS is 
very poor when using 22Na as a 
source, because of the high ener- 
gy and the deep penetration of 
the positrons. However, new low 
energy positron sources based on 
particle accelerators are under de- 
velopment. These are likely to 
come on stream in the near future 
and then workers will have a 
depth resolution that may be suit- 
able for investigating epitaxial lay- 
ers and even their interfaces. 
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